Ab initio calculations are reported on 7-azaindole and the 1:1 complexes between 7-azaindole and water and methanol. Geometry optimizations using restricted Hartree−Fock wavefunctions and a double ζ plus polarization basis set were performed on the tautomeric minima and the transition states connecting these minima. Energetics were predicted using second-order perturbation theory. The ground state activation energy for tautomerization is predicted to decrease from nearly 60 kcal/mol in 7-azaindole to about 20 kcal/ mol for the 1:1 complexes. Vertical excitation of the 1:1 complex with water, qualitatively estimated using singly excited configuration interaction, is predicted to reverse the order of stability of the two tautomers.
I. Introduction
Proton transfer and hydrogen atom transfer reactions are a key feature in many processes of biological importance. Because it is a light atom being transferred, such processes are inherently quantum mechanical in nature. For example, the height and width of the potential energy barrier, as well as the curvature of the reaction path, have an impact on the gas phase tunneling probability. In addition, since proton transfer reactions are frequently studied using optical spectrosopic techniques, the effect of electronic excitation on the proton transfer process is very important. Finally, the actual bioprocesses occur in solution (most typically aqueous solution), and most experimental probes of these processes are also carried out in solution. So, an additional factor to be considered is the impact of solvation on the proton transfer process.
Petrich and co-workers 1 have demonstrated that 7-azatryptophan (7-AT) is a noninvasive in situ optical probe of protein structure and dynamics that can be incorporated into bacterial protein. Also, model proteins containing 7-AT, or its basic chromophore 7-azaindole (7-AI), can be synthesized. 7-Azaindole was first studied by Kasha and co-workers because it provided a model for hydrogen bonding in DNA base pairs. 2 A major goal of the experimental research is to study rapid motions (i.e., time scales of several picoseconds and longer) of a probe molecule, such as 7-AT or 7-AI, in protein-protein complexes, to correlate the dynamics of the probe with the reactivity of the complex. The essential motions in these probes are intramolecular hydrogen transfers between N atoms in adjacent sixand five-membered rings, that is, to study tautomeric isomerization that occurs upon electronic excitation. It is clear that the tautomerization does not occur on the ground state surface. The experimental studies are performed in solution, with water and methanol as typical solvents. Since 7-AI is the key chromophore in 7-AT, there have been several detailed experimental spectroscopic studies of 7-AI, 1-4 and it is this species that is the focus of the present work.
There are several key questions to be answered, using ab initio quantum chemistry, about the behavior of 7-azaindole: (1) What are the relative energies of the two tautomers on the ground state gas phase potential energy surface (PES), and what is the barrier resisting the proton transfer? (2) How are the relative energies and barrier height modified by the presence of a single solvent (water or methanol) molecule? One might expect a solvent molecule to assist the transfer of a hydrogen by reducing the strain in the transition state, thereby lowering the height of the barrier, but by how much? (3) How do additional solvent molecules modify the relative energies and barrier height? (4) What is the effect of bulk solvent on the structures, relative tautomer energies, and barrier height? (5) What are the effects of varying the solvent? It has been argued that different nonradiative processes occur in water vs. alcohols. 1 It is not known if these differences can be traced to specific electronic interactions between solvent and solute. (6) What is the nature of the dynamics and the role of tunneling under these various conditions? (7) How are the answers to the first six questions modified in the lowest singlet electronic state?
Since 7-azaindole has been identified as an important probe for studying protein interactions, and since very little is known about its electronic structure in its ground or excited electronic states, not to mention the manner in which it interacts with solvents, the foregoing are important questions to address. The present work focuses on questions 1 and 2, with preliminary probes of questions 4, 5, and 7. The dynamics of the proton transfer process and more details regarding the role of the solvent will be the subjects of subsequent work.
II. Computational Methodology
Geometry optimizations were performed at the restricted Hartree-Fock (RHF) level of theory, using the Dunning-Hay double plus polarization (DZP) 5 basis sets. Stationary points determined in this manner were verified to be minima (transition states) by calculating and diagonalizing the matrix of energy second derivatives (Hessians) and establishing that there are zero (one) negative eigenvalues. In order to understand the H transfer reactions in more detail, the minimum energy path (MEP) 6 was followed for the 7-AI-water system from one tautomer to the other via the transition state. The minimum energy path was determined using the second order Gonzalez-Schlegel algorithm, 7 with a step size of 0.3 amu 1/2 -bohr. More accurate single-point energies were obtained with second-order perturbation theory (MP2 8 ), using the augmented correlation consistent DZP basis set (aug-cc-DZP) developed by Dunning and coworkers. 9 To obtain a qualitative feeling for the effect of bulk solvent, a simple self-consistent Onsager reaction field model 10 was used at several points on the gas phase surface. With the exception of a few MP2 calculations that were performed with GAUSSIAN92, 11 all of these calculations were performed using the electronic structure program GAMESS. 12 X Abstract published in AdVance ACS Abstracts, February 15, 1996. In order to determine qualitatively how the ground state potential energy surface changes upon electronic excitation, configuration interaction (CI) calculations including all single excitations (SCI) were performed using the DZP basis set. While SCI calculations are not expected to provide quantitative excitation energies, 13, 14 in this work we are primarily concerned with qualitative changes that occur upon lowest energy excitations. These (π space) excitations are expected to be reasonably well represented at this level of theory.
III. Results and Discussion
A. Molecular Structures. The DZP geometries for 7-AI, the 7-AI-water complex, and the 7-AI-methanol complex are shown in Figure 1 . Both tautomers of 7-AI are planar, while the ring backbones of the complexes are essentially planar. The transfer of a hydrogen from the five-membered ring (normal structure) to the six-membered ring (tautomer) is accompanied by a rearrangement of the ring backbone bonds. The largest such change is the shortening of the N1-C8 bond and the lengthening of the C6-N7 bond when the H is transferred from N1 to N7. The effect of water complexation on the 7-AI structure is minimal for both tautomers, with just a small lengthening of the N-H bond that participates in the hydrogen bond. Similarly, the structure is virtually unchanged when the water is replaced by a methanol molecule.
All of the complex structures shown in Figure 1 are cyclic species with two hydrogen bonds, in which the 7-AI N-H bond hydrogen bonds with the solvent (water or methanol) oxygen and the O-H solvent bond forms a hydrogen bond with the unsaturated N of 7-AI. Since there is experimental evidence 1 that in solution this is not the dominant species, searches were carried out for structures that bind the solvent molecule to 7-AI with just one hydrogen. This was done by rotating the solvent molecule (water or methanol) about each NH bond in turn and reoptimizing the entire geometry. All such attempts led to the original cyclic structures.
The transition states for the hydrogen transfer are shown in Figure 2 . For 7-AI itself, the transition state region is a fourmembered ring, while the complexed structures have a sixmembered ring transition structure. The latter should be less strained and more stable, so one expects the barriers for these "solvent-assisted" hydrogen transfers to be lower than the corresponding barrier for the isolated 7-AI molecule. This supposition is supported by the imaginary frequencies ( Figure  2 ) that correspond to the downhill motions toward the two tautomers: 2359 cm -1 in 7-AI vs. 1155 and 768 cm -1 for 7-AIwater and 7-AI-methanol, respectively. The latter two transition states exhibit an interesting structural arrangement. Whereas the average of the two N-H distances (N 1 -H and N 7 -H) is about 1.55 Å in both tautomers of 7-AI-water and 7-AImethanol, the calculated N-H distances in the corresponding transition states are about 1.1 Å. This means that the tautomerization is assisted by the solvent molecule moving much closer to the 7-AI moiety, in order to facilitate the transfer.
Although Mulliken populations are clearly qualitative, it is instructive to examine the Mulliken charge on the transferring hydrogen during the transfer reaction. Since this hydrogen is attached to more electronegative nitrogens, one expects to find a partial positive charge on this hydrogen, and this expectation is borne out. In 7-AI, the SCF/DZP charge is +0.29 and +0.30 in the normal and tautomeric structures, respectively, while in the connecting transition state, this charge rises a bit to +0.43. The latter simply reflects the proximity of two nitrogens to this hydrogen in the transition state. For the 7-AI-water complex, the three corresponding charges are +0.37, +0.35, and +0.43, respectively. All of these charges are reduced slightly at the MP2/DZP level of theory. So, what is being transferred is a polar hydrogen atom, with a partial positive charge reflecting its bonding to electronegative (N, O) atoms.
B. Energetics. The calculated binding energies of water and methanol to 7-azaindole are listed in Table 1 . In the table ∆E refers to the electronic energy difference between the complex and the separated components, while ∆H 0 includes the zero point vibrational energy (ZPE) correction to ∆E. There is only a small basis set dependence for the calculated binding energies, but a somewhat larger correlation effect. At the highest level of theory, MP2/cc-aug-DZP including ZPE correction, water and methanol are predicted to be bound to 7-AI by about 9 and 10 kcal/mol, respectively. This is probably not a significant difference at this level of theory.
The tautomerization energetics are summarized in Table 2 . For isolated 7-azaindole (no solvent molecule), the lower energy normal structure (hydrogen on N 1 ) is found to be lower in energy than the tautomer by about 14 kcal/mol. The introduction of correlation corrections via second-order perturbation theory has only a 1 kcal/mol effect. At the SCF level of theory, the barrier to the hydrogen transfer, via the transition state shown in Figure  2 , is very largesroughly 80 kcal/mol when ZPE corrections are included. Second-order perturbation theory reduces this barrier by about 20 kcal/mol, but the barrier is still prohibitively high for the isomerization to occur in the ground electronic state.
Addition of one water molecule has a small (3 kcal/mol) stabilizing effect on the tautomer, relative to the normal structure, and a much larger effect on the predicted hydrogen transfer barrier. The normal structure is still found to be about 11 kcal/mol lower in energy than the tautomer. On the other hand, the barrier is reduced by 40 kcal/mol, to 19.4 kcal/mol at the highest level of theory. This solvent-assisted hydrogen transfer is undoubtedly stabilized by the formation of the much less strained six-membered ring transition state. In the fourmembered ring transition state of 7-AI itself, the transferring hydrogen is forced to approach to within 1.62 Å of the opposing carbon C 8 .
In order to separate the effect on the predicted barrier height of improvement of basis set (DZP f aug-cc-DZP) from the introduction of correlation (SCF f MP2), an additional set of calculations was carried out on the 7-AI-H 2 O system, at the MP2/DZP level of theory. As shown in Table 2 , the tautomerization energy is only 0.4 kcal/mol higher than that predicted with MP2/aug-cc-DZP, while the predicted barrier height is only 3.4 kcal/mol higher with the slightly smaller basis set. So, the primary effect on the barrier height is that of correlation.
The MP2/DZP results for 7-AI-H 2 O also suggest that the same level of theory is reliable for the larger 7-AI-CH 3 OH complex. As shown in Table 2 , the MP2/DZP tautomerization energetics for the larger complex are essentially the same as those for 7-AI-H 2 O, and this is likely to be the case for the larger basis set as well. The RHF/DZP ground state minimum energy path for the hydrogen transfer in the 7-AI:water complex is shown in Figure  3 . The geometries shown at selected points along the MEP (Figure 4) illustrate, as noted earlier, the manner in which the water molecule moves in toward 7-AI as the transition state is approached from either tautomer. An initial qualitative probe of the way in which the MEP is altered by excitation into the lowest excited singlet state has been performed using CI singles (CIS) and the DZP basis set. These calculations were performed at the ground state geometries corresponding to the two tautomers, the transition state (TS), and several points near the TS and on either side of it. At all of these points, the CIS wavefunction is dominated by excitations from the two highest occupied molecular orbitals (HOMO -1, HOMO) into the two lowest unoccupied molecular orbitals (LUMO, LUMO + 1).
Contour diagrams for these four orbitals are very similar to those in indole. 15 It is clear that they are π orbitals with increasing antibonding character. So, at this level of theory one may characterize the lowest lying excited electronic state as πfπ*. Expansion of the basis set to aug-cc-DZP (which includes more diffuse basis functions) for the normal structure incorporates a small amount of diffuse character into the excited state, but the predicted excitation energies are essentially unaffected by this basis set improvement. So, this very computationally intensive basis set was not used for additional calculations.
The vertical excited state energies along the ground state MEP are also shown in Figure 3 . All energies are given relative to the ground state transition state. The most dramatic effect of the electronic excitation is the reversal of the order of the two tautomers. In the excited state, the tautomer with the hydrogen in the six-membered ring is 12 kcal/mol lower in energy than the normal structure. There is still a substantial barrier separating the two tautomers. The barrier relative to the normal structure is nearly 30 kcal/mol. However, it is important to realize that the level of accuracy of a singles CI calculation is roughly similar to that of Hartree-Fock. So, one might expect the barrier to decrease upon the addition of dynamic correlation, in a manner analogous to the addition of MP2 for the ground state. Since (Table 2) the addition of MP2 lowers the ground state barrier by about 15 kcal/mol, one can expect a similarly large reduction in barrier height on the excited state surface. Of course, a quantitative understanding of the excited state potential energy surface will require optimization of the excited state geometries, as well as the inclusion of dynamic correlation.
C. Effect of Solvation. Gross solvent effects were probed using a simple self-consistent reaction field model, in which the interaction is modeled (in a self-consistent manner) by the interaction between the dipole moment of the ab initio solute and the dielectric of the solvent (in this case, 80 for water). The radius of the spherical cavity was determined using the method developed by Frisch and implemented into GAUSSIAN92. 11 The cavity radii that were used are listed in Table 3 , as are the RHF/DZP dipole moments calculated for the two tautomers of both 7-AI and the 7-AI-H 2 O complex. The cavity radii and dipole moments for the two corresponding hydrogen transfer transition states are listed in this table as well. Note that changing the basis set to cc-aug-DZP or improving the level of theory to MP2 have very small (<0.1 D) effects on the predicted dipole moments. Therefore, the solvation effects were probed at the RHF/DZP level of theory.
The final two columns in Table 3 list the energy lowering due to the presence of the solvent (water) at the gas phase geometry and at the geometry that has been reoptimized in the presence of the solvent, respectively. These relative energy lowerings, as expected, simply reflect the relative solute dipole a r is the cavity radius; µ is the solute dipole moment, calculated at the SCF/DZP level of theory; ∆E is the energy lowering due to the presence of the solvent at the gas phase geometry (vert) and at the reoptimized geometry in the presence of the solvent (opt). b The numbers 1 and 2 in parentheses refer to the lower energy tautomer (1) and the higher energy tautomer (2), respectively. TS means transition state.
moments. For example, the higher energy tautomer of 7-AI has a much larger dipole moment than does the lower energy normal structure. Therefore, the effect of bulk solvent is to lower the tautomerization energy. On the other hand, the transition state dipole moment is similar to that of tautomer, so the H transfer barrier is hardly affected. For the 7-AI-H 2 O complex, the transition state has a rather higher dipole moment than either tautomer. As a result, the addition of bulk solvent has a greater effect on lowering the barrier height than on the relative energy of the two tautomers. There is little additional energy lowering when the geometry is reoptimized in the presence of the bulk solvent. So, to the extent that individual water molecules play a role in the H transfer process in solution, it appears their primary effect (in the ground electronic state) is to lower the barrier height in two ways: by relieving strain in the hydrogen transfer transtion state and by stabilizing the transition state via dipole-dielectric interactions. 16 performed semiempirical AM1 and PM3 calculations on 7-AI in its ground and lowest excited electronic state, as well as companion calculations on 7-AI clusters with several solvents. For the 7-AI-H 2 O system, AM1 predicts a single hydrogen-bonded species, while PM3 finds a double hydrogenbonded structure similar to that reported above for the ab initio calculations. So, PM3 is in better qualitative agreement with the more accurate calculations, since the ab initio calculations suggest that the single hydrogen-bonded structure does not exist. The two hydrogen-bonded distances (N---H and O--H) predicted by PM3 are 2.614 and 2.542 Å, respectively. These are 0.5 and 0.4 Å too long, respectively, according to the ab initio results, but the PM3 N-H---O and H---O-H angles of 136.1°and 83.8°, respectively, are virtually identical to the SCF/DZP results. Kim and Bernstein do not report the PM3 binding energy for the PM3 structure, so it is not possible to make comparisons with the ab initio energetics. These authors also used the AM1 and PM3 parameters to provide a starting point for model potential calculations based on a LennardJones potential. These latter calculations predict the existence of van der Waals structures that correspond primarily to interactions between the water molecule and the six-membered ring. The binding energies for these structures are 2-3 kcal/ mol, consistent with the binding one would expect for a van der Waals interaction. While we have not made an exhaustive search for such weakly bound species, a RHF/DZP calculation was initiated by placing the water molecule parallel to and above the benzene ring. The potential energy surface is very flat, as expected for van der Waals interactions, and the water molecule migrates to a position ( Figure 5 ) over the five-membered ring (minimum on the PES), such that the water hydrogens point toward the ring. The predicted MP2/DZP binding enthalpy at the RHF/DZP geometry for this species is 3.2 kcal/mol, similar to that found by Kim and Bernstein using their model potential, but much less than that for the double hydrogen bond (10.0 kcal/mol at the same level of theory). So, the suggestion by Kim and Bernstein that their model potential results are likely to be more reliable than their PM3 predictions does not appear to to be the case.
D. Comparison with Previous Calculations. Kim and Bernstein
With regard to the excited state, Kim and Bernstein explored the excited state AM1 and PM3 geometries, although they do not specify what level of theory (e.g., SCF, CI) was used to do this. Their combination of theory and experiment suggest significant deviation from planarity in the excited state, leading to important mixing between the nfπ* and πfπ* states. Since we have only explored the vertical excitations, we cannot make direct comparisons with their results.
Chou et al. 17 have performed SCF/6-31G(d) geometry optimizations on 7-AI and the 1:1 complexes of 7-AI with water and methanol. The predicted geometries are similar to the DZP geometries reported here, although the latter predict somewhat longer O---H hydrogen bond distances. The SCF/6-31G(d) binding energies reported by Chou et al. for the methanol and water complexes are 9.2 and 8.3 kcal/mol, respectively. Since these authors calculated the corresponding Hessians at lower levels of theory, it is not clear whether these binding energies include zero point vibrational corrections; however, their results are most similar to our SCF/DZP ∆E values reported in Table  2 . As noted earlier, with ZPE and correlation corrections added, our predicted order of binding is similar to the Chou result. Chou et al. also report an experimental binding enthalpy of 6.5 kcal/mol for the methanol complex. This may be compared with our best value of 10.3 kcal/mol. One major source of the difference between experiment and theory, as noted by these authors, is that the experimental value was obtained in nonpolar solvent, whereas the theoretical value is a gas phase result.
IV. Conclusions
For 7-azaindole and its 1:1 complexes with both water and methanol, the normal structure in its ground electronic state is predicted to be substantially (>10 kcal/mol) more stable than the higher energy tautomer. The barrier for the tautomerization (hydrogen transfer) is nearly 60 kcal/mol for 7-AI. This value is reduced dramatically upon the introduction of a solvent molecule to a still substantial 20 kcal/mol. Electron correlation plays an essential role in the accurate prediction of this barrier height. Qualitative simulations of bulk dielectric effects using a simple self-consistent reaction field model suggest that such effects do not play a major role in determining the barrier height, at least in the ground electronic state.
A qualitative analysis of the effect of electronic excitation, using singles CI, predicts that the relative stabilities of the tautomers of 7-AI and the 7-AI-water complex are reversed upon electronic excitation into the lowest (πfπ*) singlet state. At the CIS level of theory, a large barrier separates the two tautomers in the excited state. However, addition of correlation corrections is likely to reduce the predicted excited state barrier on the order of 15 kcal/mol, based on the ground state results. Other important factors not considered here include the role of dynamics and tunneling, the role of additional water molecules, more accurate representations of the excited states, and excited state geometry relaxations. These additional improvements to the theoretical treatment, all of which will be explored in future investigations, are likely to bring the predictions for the excited state into closer agreement with the experimental observation 1 that the excited state tautomerization occurs rapidly.
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